Acute ischemic strokes are the third leading cause of death and the leading cause of neurological disability worldwide. The oxygen and glucose deprivation associated with ischemic strokes not only leads to neuronal cell death, but also increases the inflammatory response and decreases functional output of the brain. The only intervention approved by US Federal Drug and Food Administration for treatment of ischemic strokes is tissue plasminogen activator (tPA), however, such treatment can only be given within 4.5 hours of the onset of stroke-like symptoms. This narrow time-range limits its application, and it also might induce detrimental rather than beneficial effects to stroke patients by treatment of the tPA. In order to reduce the infarct volume of an acute ischemic stroke while increasing the time period for treatment, emerging therapies reveal great potential by targeting inflammation, growth factors, ion channels, and neurotransmitter receptors with monoclonal antibody (MAB). With successfully application in the treatment of cancer patient by MAB, in this review, we will focus on recent advances on stroke therapy by using MAB on the treatment of stroke by targeting inflammation, growth factors, ion channels, and neurotransmitter receptors. Therefore, developing specific MAB targeting the signaling pathway of stroke will contribute to stroke therapy.
Introduction
Acute ischemic strokes are defined as a rapid decrease in blood flow to the brain immediately depriving the brain from oxygen and glucose. The lack in blood supply leads to neuronal and glia cell death and subsequent loss of function in the brain. As the third leading cause of death and the leading cause of neurological disability in the world, novel and effective therapies are critical and warranted [1] .
Currently, the intervention for acute ischemic stroke treatment is intra-arterial or intravenous tissue plasminogen activator (tPA) which acts to dissolve the clot and improve blood flow and was approved by US Federal Drug and Food Administration (FDA) for acute stroke therapy. However, tPA must be given less than 4.5 hours from the onset of symptoms limiting the efficacy of the drug [2] . Aside from the narrow therapeutic window of tPA, over 50% of patients that receive tPA acutely post-stroke have significant long-term disability [3] . Due to a narrow therapeutic window and severe side effects of tPA, new treatments are needed to be accessible to a majority of patients while improving stroke outcome.
One of the major contributing factors worsening the clinical outcome of stroke patients is inflammation [3] . Pro-inflammatory cytokines contribute to brain cell death by activating a variety of cells: neurons, astrocytes, microglia, and endothelial cells. This activation leads to neuronal and glial cell death and contributes to the progression of brain injury following an ischemic stroke [2] [3] [4] . After ischemic stroke, the pro-inflammatory cytokines and antiinflammatory cytokines are activated. For example, tumor necrosis factor-α (TNF-), interleukin-1, 8 (IL-1, IL-8) and monocyte chemoattraction protein-1 (MCP-1) are proinflammatory stroke cytokines that contribute to neuronal cell death, while interleukin-6, 10, 20 (IL-6, IL-10, IL-20), transforming growth factor-β (TGF-), and interferon-inducible protein-10 (IP-10) are anti-inflammatory and neuroprotective [5] [6] [7] . Recent studies have shown that monoclonal antibody (MAB) reveals protection against the acute ischemic stroke [4] . MAB can be administered to block the deleterious pathways associated with inflammation by inhibiting pro-inflammatory cytokines or their receptors as well as inhibiting ion channels, which contributes to neuronal cell injury after ischemic stroke [4] . Generating specific antibodies that target the inflammatory system, ion channels or cell death pathway show a promising therapy toward managing the outcome of a stroke [4] .
Emerging therapies based on neuronal regeneration also provide benefits to patients that are past the 4.5-hour time window with tPA treatment. Repair therapies can be accessible to a large patient population because they have a time window of days to weeks [3] . MAB promotes neural repair by binding to receptors or surface markers to block or neutralize inhibitors of neuronal cell growth. Three major inhibitors of neuronal cell growth are myelin-associated glycoprotein (MAG), oligo-myelin glycoprotein, and Nogo-A. Following an acute ischemic stroke, MAG, oligo-myelin glycoprotein, and Nogo-A are upregulated [8] . MAB can be used to inhibit these inhibitors and will promote neuronal repair and axonal growth [9] .
Most antibodies evaluated for stroke treatment prove effective in reducing infarct volume and improving neuronal performance in animal models of middle cerebral artery occlusion (MCAO). Here, we reviewed the current MAB therapies and its specific targets on inflammation, growth factor, ion channel and receptor, which contribute to enhance neuroplasticity and improve the of outcome animals suffered from stroke. We also discussed the MAB in the clinical trials for stroke patients.
Inflammation after Stroke

Inflammation Defined
Inflammation following damage to any tissue begins as an acute process. Inflammatory molecules are upregulated in such conditions and are responsible for the local and systemic effects induced by inflammation. The main components responsible are cytokines such as ILs and TNF-α, chemokines such as MCP-1, and various cellular adhesion molecules [10] .
Inflammation has detrimental and deleterious effects on neurons. Following an ischemic stroke, elevations in various inflammatory markers provide evidence that inflammation of brain parenchyma following a stroke is neurotoxic and thus, contributes to the downfall of patients post-stroke.
Inflammatory Pathways after MCAO
Immunotherapy blocks specific deleterious pathways that are the direct outcome of an inflammatory response following a stroke. The results of inflammation as well as the cytokines produced post stroke are the main contributors in the damage that ensues after a stroke [11] . Not only would inhibit inflammatory pathways and prevent lifelong damage, but it would increase the timespan for which reperfusion therapy can be given to treat an acute ischemic stroke. For instance, in acute ischemic stroke, reperfusion must be given within 4.5 hours from the initial onset of symptoms. If reperfusion is administered any later than 4.5 hours, the adverse side effects as a result of the accumulation of reactive oxygen species will outweigh the initial benefit provided by the therapy. Whereas, inhibition of inflammation following an acute ischemic stroke will not only decrease the infarct volume and improve clinical outcomes, but also drugs used to suppress inflammation may also widen the therapeutic window for tPA administration beyond 4.5 hours. Clinical trials utilizing anti-inflammatory agents in acute ischemic strokes have only been successful in animal models and have subsequently failed in human suffered from stroke [10] .
In order to reduce inflammation, antibodies must be administered against specific targets.
Antibodies can be administered to bind to receptors and inhibit the signaling cascades. Inhibition of toll-like receptor 4 (TLR4) via MAB in MCAO mice proved beneficial in decreasing inflammation. Total infarct volume and brain swelling 48 hours after an MCAO stroke decreased in mice treated with MAB against TLR4 in comparison to MCAO mice that did not receive MAB [12] .
MAB against leukocyte adhesion molecules was also evaluated. Specifically, alpha-4 integrin antibody was administered against alpha-4 integrin, a specific leukocyte adhesion molecule [13] . In MCAO mice, MAB administered against alpha-4 integrin reduced stroke volume and overall brain infarction volume, however, the study was not successful in human trials. Natalizumab is an antibody formed against leukocyte adhesion molecules, specifically alpha-4 integrin. When natalizumab, widely used in the treatment of multiple sclerosis and Crohn's disease approved by FDA, was used in patients with stroke. It did not show a significant reduction of infarct growth which is in contrast to the animal study [13] .
The difference between outcomes of animal models and humans suffered from ischemic stroke might be explained by humans and mice having different post-ischemic inflammatory responses. Potentially, there might be differences in alpha-4 integrin expression between species [13] . Another possibility for the lack of reduction of infarct volume could be attributed to the dose administered. Initially, the study administered 300 mg of natalizumab based on the dosage that is approved as a treatment of Multiple Sclerosis [13] . The study suggests doses of natalizumab ranging from 450-600 mg might have better clinical outcomes in regards to reduction of infarct volume compared to the original trial of 300 mg [13] . This should be evaluated in further studies.
Neuronal Repair after Stroke
Neuronal repair is important for restoring the structure and function of neurons in central nervous system (CNS) following an injury. Without neuronal repair and regeneration, stroke patients would never have the opportunity to recover. Therapies based on neuronal repair have a much greater therapeutic window than the administration of tPA. Therapies are measured in days to weeks and have the potential of benefiting a variety of stroke patients, especially those that fall outside of the narrow therapeutic window established by tPA [11, 14] . In particular, studies evaluated the neuronal repair process after an acute ischemic stroke. Following an acute ischemic stroke, neuronal repair occurs spontaneously and can occur for many years afterwards.
Thankfully, animal studies have provided further insight into neuronal repair following an MCAO ischemic stroke and have led researchers to conclude that the majority of therapies used to promote neuronal repair focus on a single intervention and are thus termed monotherapies [14] .
Activation of Growth Factors for Neuronal Regeneration
Growth factors are necessary for CNS development and are vital in neuronal repair.
Growth factors stimulate angiogenesis, cell proliferation, cell differentiation, cell migration, cell survival, and cellular synaptic plasticity [15, 16] . Without the activation of growth factors following an acute ischemic stroke or any CNS injury, neurons would not be able to regenerate.
A preclinical stroke study suggests that the administration of exogenous growth factors 24 hours prior to the induction of an MCAO in an animal model has long-term benefit on the behavioral outcome [14] . Specific growth factors utilized in this preclinical study were: brain-derived neurotrophic factor, epidermal growth factor, human chorionic gonadotropin, and erythropoietin (Epo) [14, 17, 18] . However, similar to the sparsity of human trials in examining the inflammatory process of a stroke, human trials are also spare when discussing neuronal regeneration via administering growth factors following a stroke.
Preclinical studies that examined the efficacy of Epo in promoting neural repair suggests that Epo is beneficial when administered as a monotherapy within 24-48 hours after the onset of the ischemic stroke. Epo was discovered to be not only beneficial but also safe for patients. In a randomized, placebo-controlled study, 167 patients received two doses of Epo and no adverse side effects were reported when comparing epo versus placebo [19, 20] . However, high dose Epo administered along with tPA had an increased mortality rate in comparison to the placebo group.
As a result of the fatal interaction between Epo and tPA, further studies are needed to determine if the interaction is dose-dependent or if Epo can never be administered in conjunction with tPA.
The majority of human trials regarding neuronal regeneration as a result of growth factors examine hematopoetic growth factors in relation to ischemic strokes. In particular, granulocytecolony stimulating factor (G-CSF) was evaluated in the AX200 for Ischemic Stroke Study (AXIS). The AXIS study concluded that G-CSF is tolerated when given within 12 hours of an ischemic stroke, however, a meta-analysis conducted after the AXIS study discovered that administration of G-CSF at any time span, days to years, post-stroke had unfavorable effects [21] [22] [23] [24] .
Monoclonal Antibodies
Along with growth factors, MAB can also be used to promote axonal growth. Specifically, there are three major inhibitors of neuronal regeneration that are targets of such MABs: myelinassociated glycoprotein (MAG), oligo-myelin glycoprotein, and Nogo-A. Following an ischemic stroke, these inhibitors of neuronal regeneration are upregulated and decrease neuronal growth and regeneration [8, 25] .
To examine the importance of neutralizing the inhibitors of neuronal growth, one study randomized 42 patients into a placebo group or the group receiving GSK249320. GSK249340 is an IgG1 MAB with a disabled Fc region directed against MAG. To measure an increase in neuronal regeneration, gait velocity was evaluated. Initially, gait velocity showed greater improvement in those that received GSK249320 in comparison to placebo. However, in a phase IIb double-blind study, it was discovered that two doses of GSK249320 did not improve gait velocity in comparison to placebo [26, 27] . Anti-MAG MAB was also shown to reduce the volume of the lesion when administered at 0.05µg/mL 1 hour after MCAO in animal models.
Animals treated with anti-MAG antibody showed significant improvements in total neurological score at 24 hours, 48 hours, and 7 days after treatment when compared to those of the placebo group. Stroke lesions were reduced by 40-50% compared to the placebo [28] .
Nogo-A is produced by oligodendrocytes and is another contributing factor to the inhibition of neuronal growth after CNS injury. However, the best time to inhibit Nogo-A following an ischemic stroke has not been identified. Nogo-A cannot be inhibited immediately following an ischemic stroke. It has been proven that Nogo-A is initially involved in healing after a stroke but eventually becomes an inhibitor, yet the timespan of such events is uncertain [11] . Mice that were depleted of Nogo-A had increased mortality after stroke in an MCAO model. Likewise, mice that were administered anti-Nogo-A immediately following MCAO had a similar increase in mortality as knock-out mice. Therefore, Nogo-A must play a necessary role in healing immediately following a stroke. However, immunotherapy against Nogo-A that was administered 7-9 days after an ischemic stroke proved beneficial. The administration of antiNogo-A a week after MCAO in mice showed increased sprouting, increased neuroplasticity, increased midline crossing of corticorubral axons to the red nucleus of the cerebellum, and new efferent cortical projections [11] . Another study evaluated the importance of antibodies directed against Nogo-A and discovered that forepaw function drastically improved [29] . Purified monoclonal anti-Nogo-A antibody (7B12) was administered to rats exactly 24 hours after MCAO induction. Forepaw function of rats that had MCAO without 7B12 improved to 40-50% of prelesion levels from weeks 4 to 12 after MCAO. In contrast, the 7B12 group had improved to 40% of prelesion levels at week 4 with 60-70% when evaluated at weeks 7-12 [29] .
MAB acts on Acid-Sensing Ion Channels
Acid-sensing ion channels (ASICs) are another therapeutic target for ischemic stroke.
ASICs are voltage-insensitive cation channels present on cell membranes that are responsible for detecting the acidic microenvironment of cells [30] [31] [32] . ASICs are activated in an acidic microenvironment [33, 34] . During an ischemic stroke, oxygen and glucose deprivation results in anaerobic metabolism. Anaerobic metabolism leads to an accumulation of lactic acids, and this decrease in pH activates neuronal ASICs [34, 35] . The activation of ASICs leads to an influx of calcium which contributes to neuronal cell death [35] . Specifically, ASIC1a is calcium permeable and is a therapeutic target for ischemic strokes [36 -38] .
A MAB called ASC06-IgG1 has been discovered that specifically blocks ASIC1a [36] .
An MCAO stroke was induced in mice, and three hours after ischemia, 4 µL of PBS (vehicle solution) + 3 µg/µL ASC06-IgG1 was injected intracerebroventricularly. Compared to the control, the group treated with PBS + ASC06-IgG1 showed a 23% decrease in infarct volume [36] . Such results show that ASICs contribute to neuronal cell death. Antibodies against ASICs are neuroprotective and might have therapeutic potential in stroke patient [36] .
MAB acts on N-methyl-D-aspartate (NMDA) receptors
N-methyl-D-aspartate receptors (NMDARs) are activated during an ischemic stroke.
During an ischemic stroke, glutamate is released into the plasma and cerebrospinal fluid from damaged neuronal tissue; an increase in glutamate leads to activation of NMDARs [39] . Once glutamate binds to NMDARs, there is a subsequent influx in calcium. The overload of intracellular calcium contributes to neuronal cell death during an ischemic stroke [40] [41] [42] [43] .
An anti-GluN1 antibody was developed in animal models. Anti-GluN1 antibodies were shown to decrease the infarct volume after an ischemic stroke was induced in rats by interfering with activated neuronal NMDARs. The vaccine was able to cross into the brain due to the destruction of the blood brain barrier following an ischemic stroke [44] .
It is hypothesized that anti-GluN1 antibodies provide therapeutic benefits following an ischemic stroke by inhibiting platelet function [39] . Rats were vaccinated with GluN1 and were evaluated based on the antibodies formed. Various rat anti-GluN1 antibodies were cloned and evaluated based on human platelet aggregation. The study has shown that rats vaccinated with GluN1 have prolonged bleeding and anti-GluN1-S2 antibodies inhibit human platelet aggregation and reduce growth of thrombi [39] . However, anti-GluN1-S2 antibodies have not been directly tested in stroke models [39] .
Conclusion
While the current clinical treatment for patients suffered from ischemic strokes is tPA, the narrow therapeutic window of less than 4.5-hours from the onset of symptoms limits its benefit as a treatment [2, 3] . However, recent studies have examined emerging therapies to treat beyond the narrow timeframe of tPA such as activating growth factors, inhibiting proinflammatory cytokines, enhancing anti-inflammatory cytokines, and blocking ion channels through MABs. By increasing the time window allowed for treatment from hours as provided by tPA to days as allowed with such experimental therapies, a larger patient population will benefit from treatment and the lifelong side-effects of an ischemic stroke can decrease [3] . Therefore, developing specific MAB targeting the signaling pathway of stroke will reveal a great potential in stroke therapy.
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